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1. INTRODUCTION

The purpose of this report is to analyze and control the pattern

[ of an annular slot antenna. This antenna is intended to have a null

in a horizontal plane over some frequency range. The pattern is,

U therefore, desired to be a cardiold-type. To realize the cardioid-

type pattern, this antenna has multiple-driving points, concentric

dual loops or some combination of these. A slot antenna may he analyzed

as a magnetic current. In this report, for simplicity, the slot antenna

is replaced by a thin wire loop antenna (its compliment) and the analysis

L is made by using electrical current. For the purpose of the present

study this assumption is adequate.

In Sections 2.1 and 2.2 we give a short review of a single wire

Lloop antenna as given by R.W.P. King.[1J The multiple-driven loop antenna

is analyzed in Section 2.3. The cardtoid condition is next considered

H in a general way in Section 3. The following sections are devoted

to the cardioid condition analysis for various special configuration

* of antennas when feeding conditions are perturbed. In the last two

sections we consider antennas having nulls in three directions

2. RADIATION FROM A LOOP

[fl 2.1 Current in a Loop

The configuration of the loop and the coordinate system is shown
in Figure 2-1. The center of the loop coincides with the origin of

a cylindrical coordinate system and the loop is placed in plane 7=0
(horizontal plane). The radius a of the wire is assumed to be small

compared with the radius b of the loop and also small with the wave

length. That is,

a " b (2-1)U
I]
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Figure 2-1. General circular loop antenna and coordinate systems. 1
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a << 1 (2-2)

where =2w/x is the propagation constant in free space.

The delta function generator V,6(#) is placed at #-0. The total current

in the conductor at *' is I(#I), and the direction of this element
is ds'=bd*'. The integral equation for I(*') is obtained from the

toundary condition at the surface of the loop, i.e., the tangential

component of the electric field is zero at the surface of the con-

ducting wire. Since

f = -Vv-j,, (2-3)

E# V 06(#)/b J- -e p-b (2-4)

LThe scalor and vector potentials at the element ds=bdf on the surface

H of the wire at o are given by[l]:

V I q(#') w(#-#') do' (2-5)

U A# =.P- f I(*')w(#-o')cos(o-o')d*-' (2-6)

where the kernel is

w(*.,) b J i d* (2-7)

with

r - /4b2sn2 [(-4')/2] + 4a2sin2 (*/2) (2-8)

The continuity equation for the current and charge in the loop is

U)= jwq(#') (2-9)

03
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L
From Equations (2-5) and (2-9)

--- -,r Ir,')w(*-*')d*' (2-10)1

From Equations (2-10), (2-6) and (2-4), the following integral equation

is obtained

Voa(#) = . k(T-WOI(e)dC (2-11) [

where the kernel is

k(O-4') -tbcos(*-#') + J w(I- a) (2-12)

and

Zan W/0 = 6 . (2-13)

0

A solution of the integral equation (2-11) may be sought with the
aid of the Fourier expansion of the kernel and of the current. The

dimensionless quality w(4-4') is expanded as I

= km em "'(**') (2-14)

where H

km L f w(-O't)eJm("'') d*' a km (2-15) II

Equations (2-14) and (2-15) are substituted into Equation (2-12)

k(# = Cn e'Jn(#'#') (2-16)

where

4 U



I

n Bb (k + kn 2 k (2-17)

nT n+1 kni) n- a-

Now the integral equation is reduced to

JZ 0 rI e-jn( '.- ') (2-18)
[J ~~ Vo, I= ,- n

The current I(V) is also expanded in a Fourier seriesLI
I )= X Inejn (2-19)

where

I L " -' (' )eJ ' (2-20)

LI A comparison of Equations (2-18) and (2-20) shows thatJZo -

v06 (4) =- an in e-' (2-21)

I] This is a Fourier series with the coefficient (JZ /2) anIn . The coef-

ficients are given by
jjj Z 1[Vo(2-22)

ic I~ L= Vo8()eJn do =

II Thus

jj-n - v 0 (2-23)

lii so that

1(4) - ne ' cOSn (2-24)



The coefficient ancan be calculated by Equation (2--17) with the fol-
lowing equations and its results are shown in Figure 2-2.

1o 8n Lb_ r 20a(~x4 20b 1 W
a0 2tf 0 lxd+ 0 0 0 (2-25)

k k [ K (na) (na) + C 2b (x)+JJ (xd

nOs nF ] 0 [a 2n 2nlx XJ

(2-26)

where

I (nal) is the modified Bessel function of the first kind

K (na is the modified Bessel function of the second kind

4.0

2.57

2.0-

.S-

t0

0.5

-20

6L
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n-I
= In 4n + Y 2 1 1

n MCO 2wil

Y is 0.57721 (Eulers number)

J,,(x) is the Bessel function of first kind of order n

0 (x) is the Lommel-Weber function of order n

2.2 Radiation From the Loop

The coordinate system and the loop are shown in Figure 2-3.
The center of the loop coincides with the origin of the coordinate

system. Current distribution is given by Equation (2-24)

Ii Wn (2-?7)
01 -0fn

xJ

z dA

YH
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Vector potential dA at the point P(x,y,z) or (r,D,#) due to the current

in the element bd#' is

Lg u e-JORF I(#')bdf' (2-28)

where

R = /72"-

= /(r cose) + p +b 2pbcos(4b* , )

- r-bslnecos( -4') (2-29)

i i For the far field we have

b << r (2-30)

j and the x and y components of the vector potential at point P are

then obtained from the following integrals

Ax = sin.' dA

bp Jo~rr 2w

= -e (# ' ) ejlbsinecos(I'e') sin$'d*' (2-31)

Ur 0
2w

Ay = f cosW' dA

e.J{ r z e~Bbstnco( -*' )

_ 1 1i- Jo(* ,) sn o * cose'd*' (2-321

Equation (2-27) Is Inserted Into Equations (2-31) and (2-32), and sin#

and cos# are expressed in exponential form. The nth component of Ax
and A are expressed as follows

y

U9



Ax n , (-k+k 2) (-31

Qn

A = : (k +k2) (2-34)

where

-jbue jBr Vo  f2-35)

n 42rZoan

1= ei(n+l)eJBCOS(# )d (2-6)

0

k2  f eJ ecos(#-#')d,. (2-37)

B= b sine (2-38) L

k, and k2 are very similar to the Somnuerfeld representation of Bessel

function.

.-n 2wJ~n(B)- ;-O1 cOs# eJn# de, (2-39) [

Inspection of Equations (2-36) through (2-39) shows that k, and k2
can be expressed as

i a 2, jn+l ei(n+l)O Jn+l(B) (2-40)

k2 . n,jn-l ,,(n)Jn(B) (2-41) [

10L
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The spherical components of the vector potential due to the current

U component In (n) are

A en ' (Axn cos*+A sin*) cose (2-42)

A#n ' (-Axn sin# + Ayn cO (2-43)

The resultant vector potential is the sum of each component:

Ae = An

-2 O Q ejn(#+w/ 2) j n(B)cose 
(2-44)

i
=-j2w Q Qn e~n w2 Ja(B) (2-45)

Substituting Equations (2-35) and (2-38) into Equations (2-44) and
J (2-45) yields

[I A 0 =QV n e" n(+w/2) Jn (Bbstne)coseAe = Q Vo b [ b~e(2-46)
03 b n Pbsil16

A4 "JQV 0 b ejn(*+/ 2 ) Jn(Bbsine) (2-47)
.o n

where

Q = J (PAS)

I "

I



Alternately
Ag a Q rob n in n(ObSnO) Cs

J n bslnO s

x [en(+w/2) - (-1)n" jn( + /2)] (2-49)

fI'(Obsin8)
% JQ Vo  b t °0 an0

+ Jn(ObsnO) [ejn(++/2) (2-50)
1 n

For loops of moderate size, ObV2.5, the principal contribution to

the current are from the first three terms in the series. The vector

potentials are 
L.

Q i ~ 2J(Bbsine)cosesin. J4J2(ObsinO)cosesin2.l

Ae a QVob 0 - 0 bslne a2 Obsine (2-51)

A = JQV b [Jo(pbsine) J2Ji(6bsine)cos# 2Ji(6bsine)cos2# 1
.- + "1  (2-52)

0

1l
II

12 I
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The electromagnetic field is given by

L r =jwrx(rxX) =-jw(iA 8+*A,) (2-53)

Li = - J6xA = - JO(*Ae-OA,) (2-54.)

LI Therefore

2Jl(Obsine)cosesin- 4J 2 (obsine)cosesin2o]

L

Li
- Q~ J'(Obsine) + 2Ji(Obsin8)cos* 2Jj(sbsine)cos2s1

j E oQVob L 0  + j 2 J (2-56)

2.3 Multiply-driven Loop

The current and vector potentials in the loop which is driven

by the generator V at *=0 are obtained from Equations (2-24), (2-46)
a

and (7-47), respectively:

1 a .a a e (2-57)

me b nejn(#+w/2) j n(bsine)cose
Aoa = QVab i i - ni(2-58)In

I
m 13

I



.ejn(#+w/2) Jn(PbsinO) (2-59)

A jQV b n

If generator position is changed from 4*0 to *u+b" and voltage from
V to Vb, the current and vector potentials are given by

a b9 jV eJ n ( #' #b)

b( (60)
Aeb .QV bb nen'b*2)n snecsa bsine(-6)i

-- n

jn(#-#b+w/2)

e J3I(Obsins)
Atb - JO~b b n "n (2-62)

If the loop is driven by two generators shown in Figure 2-4, the

current in the loop is expressed as the sum of 1a () and I

I(4) aO,) + YO)

Vejn# Vb . J( b)

a e." b e . (2-63) L}
0r n an 0rn

The vector potentials are also the sum of each vector potentials.

a Qb n(obsine)cose *Jn(#+w/2) + in(#-#bew/2)l

Ae= e + * Ae b in 1 a Yb

(2-64) 

1

14
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A =A +A

J In(Obsine) V jn(b+1/2)
SJQb n n aejn(#+w/2) + Vb e

(2-65)

As a special case, the loop is assumed to have two generators at

#=O and 4=w, and the voltages Va and Vb' are as shown in Figure 2-

5. Substituting *b= in Equations (2-64) and (2-65), the followingUb equations are obtained:

Ae=Qb YnJn(Obsine)cose V ejn(+/ 2)+Vb eJn(* -'/2)]U an bSine Iab

(2-66)

[1- J(obsne) jn(n/2) Jn( w/2

A n [a e+ Vbe (2-67)

I If n is limited to 0 and 1, the electromagnetic field is expressed

as follows:

, 2w QbJ1(bsine)cose cos(

00 E= mob J (tbslne)(Va+Vb)

J2w QbJi(Ibsne)(Va-Vb cOs*
- ab ?-69)

Ii
15
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Figure 2-4. General multiplo-driven loop antenna.

Vb SVe

Figure 2-5. Loop antenna driven at two points. [
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3. CONDITION FOR CARDIOID PATTERN

Both in the singly driven (2-24) or multiple driven (2-62) loop,

Iithe current in the loop is expressed as follows

-C0 + 1 2CncoSno (3-1)
nl

where =C..n is a complex constant which is determined by many factors

such as frequency, physical size of the loop, configuration of drive

Li (one point, two points or four points) or voltage applied to each
terminal. Consequently the electric field is unitarily expressed as

E = 1 En eJn+

= Eo + 12EncoSn# (3-2)

nul

1. This means that the resultant electromagnetic field is the sum of

each mode of field components. Now let us consider the electric field

in the plane of e=9o0 and mode is limited to n-O and n-l. From

Equations (2-55) and (2-56)

Ee = 0 (3-3)

4 ae E,40 + E0I cos# (3-4)

l where

I E0° = .Voh J(I(b)

0

I 0

I



E,1  J2VObJ (b) (3-6) L

U

If Eo E#,1  (3-7)

Equation (3-4) is reduced to L

E -E 4 o(l+cos) . (3-8) L
This is the cardiold pattern shown in Figure 3-1 which has a null

at #=180°. The cardloid pattern is produced when the peak magnitudes L

of the n-O mode (nondirectional pattern in Figure 3-1) and the n-1 mode
(Figure eight pattern also in Figure 3-1) are equal. To obtain the I
cardiold pattern we must control E4o and EI to satisfy (3-7).
The coefficients E and EI are functions of frequency, size of the
loop, mode of driving (one point, two points, or four points) or voltage
applied to each driving point. These are the parameters to obtain [7
the cardioid pattern. How to select these items are discussed in
the following sections. However, it is better to predict how the pattern
will change when the cardtoid condition is shifted from its optimum

value. To this end we rewrite Equation (3-4) as follows:

E# a E*O [l+(a+jb)cos*J (3-9)

where a and b are real numbers. The power pattern is expressed as

20 b2o 1(~) (3-10)
E,2u.~I(a~)2(os a a+b a +b JI

If conversions between E# 2 and y and between coso and x are made,
Equation (3-10) represents a parabolic curve. From this parabolic

curve and circle of unit radius, polar plot of Equation (3-10) can
be obtained.

I-:



148
V[0
w l .

w 02

II>
U.
Iw

Figure 3-1. Synthesis of cardlold pattern.
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In Figure 3-2 we have plotted the parabolic curve. Draw the

1=01 line from the center of the circle. At the intersection point

with the circle a straight line Is drawn up to the parabolic curve.

The intersection point with the x axis is cos#1. Next, mark the value

E, on the line in circle and the polar plot is obtained.

VSE*EYt E l 0

-1.0 a.. couS 1.0 i-Cos

I II

I ii

II
IL

Figure 3-2. How to make a polar plot. {

20i
20H
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B Consider the case shown in Figure 3-2. E 2 is maximum at 4-0.2 dvrass i-n1oical
As # Increases, E2 decreases monotonically. At *=cos (---a-2 E 2

[ yields the minimum And again E 4 increases to the peak at

,=180°. The pattern is symmetrical with respect to the -O and 1800

axis. According to the position of the parabolic curve minimum, the

pattern is classified into three types. These are shown in Figure 3-3.

Type I (Figure 3-3(a)) is already stated in Figure 3-2, which has two

minimum located symmetrically.

2
a' +b (NlI)

Fg3-3 . The ypso lo ntnapatr

I s o .0 we 0 1.i a<0or -I.o 0 -. 0
AaZ b I It "2

I I b I

,~ 21(O) TWO NULLS (b) TRUE CARDIOID Cc) ONE NULL

;lFigure 3-3. Three types of loop antenna pattern
U In horizontal plane.

This,, occurs when-i - - _ (o>a), o0o -----< (a~o).
a +b a 4b~The region which satisfies this relationship is outside the two

circles (a + 1)2 + b2 = (1)2 in Figure 3-4. Type II (Figure 3-3(b))I ~~ isaseil ~ , 2 (1) 2is a special case in which cos= -+ ---- + land -- =0 that

I is a = + 1 and b = 0. This is the case when the pattern shows the

true cardioid 1 + cos# .

1 21
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-I.0 11N J1.0

l I

REGION I PRODUCES TWO NULLS

REGION I PRODUCES TRUE CARDIOID

REGION N PRODUCES ONE NULL

Figure 3-4. Region which produces three different patterns
in E-=+(a+Jb)cos#. F

Type III (Figure 3-3(c)) occurs when - < -1 (a>O) or--
a +b

1 < - a (a<O). In this case maximum is at *-0 (a>O) or ,=1800
a+b

(a<O) and minimum is at =1800 (a>O) or 00 (a<O). This pattern resembles

Type II except the null is not as deep. The region of a and b is

within the circle in Figure 3-4.

4. SINGLE LOOP DRIVEN AT SINGLE POINT

The configuration of this antenna is the same as shown in Figure

2-1. The electric field in the horizontal plane is obtained by sub-

stituting 0-w/2 into Equations (2-55) and (2-56). If the number of

modes is limited to n=O and n=l. we obtain:

E0  0 (4-1)

1 (0b) Ujl(Ob) ]!=
E. X-QVob [ ob) + j cos# (4-2)

22
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then the cardiold condition (Equation (3-7)) is satisfied. Equation

(4-2) is reduced to the type of Equation (3-8). a and aI is a function

of frequency, the wire radius a and the loop radius b as defined by

Equation (2-17).

If a and b are chosen to satisfy Equation (4-3) at a certain

frequency,the cardioid pattern is realized. This type of antenna

is very simple and desirable. However, only a narrow frequency band

satisfies Equation (4-3). Therefore, further investigation of this

antenna was not pursued.

5. SINGLE LOOP DRIVEN AT TWO POINTS

5.1 Antenna patterns

--The configuration of this type of antenna is shown in Figure

5-1. Two-point-drive means that the pattern is not only restricted

by the physical size of the loop, but also controlled by the relative

voltage applied to the driving points. The electric field in the

HJ horizontal plane is obtained from Equations (2-68) and (2-69):

V0

*TRANSMITTER
~OR

RECEIVER

Vb

Figure 5-1. Loop antenna fed at two points.

23



E 0 05-1)

E# Qwb toOLci# (5)

The cardiold condition of a null at *=180° is according to Equation(3-7),
Li

(Va+Vb) J (Va-Vb) (5-3)

0

Under this condition, Equation (5-2) is reduced to

Qwb JI( b)(V+b o*
E,(w/2,4) = 11 (5-4)

0

In order to satisfy Equation (5-3) one might select both the physical V
size (a and h) and the voltages (V and Vb). However once the physical

size is determined, Va and Vb must satisfy the following relationship

as obtained from Equation (5-3):

JI(Ob)

Substituting condition (5-5) into Equations (2-66) and (2-67) yields*11

Ssine cos, (5-6)

Ee(0,#) V 0 b) Cos#(5-6)

24o
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QwbJ°(bsin) Vb [ Ji(Obslne)
E (e,*) 0 Va(l -+T + J2 T°jT- U n-

Vb

IiVb cos (5-7)

1+ "b

The patterns in the vertical planes #=0 and 900 are shown in Figures

5-2 and 5-3, respectively. Note that as b increases, energy is radiated

more in the vertical direction, and the undesired null is produced

as shown in Figure 5-2(b). The pattern of the horizontal plane remains

unchanged when Bb is changed as seen by inspection of Equation(5-4).

If the null direction is desired to be different from +=w ,Its condition
is obtained by substituting E(w/2,#o)=0 where *o is the desired di-

e0
rection of the null. That is

X(ob) 2 Jj(0b)(Va-Vb)
0(b) (Va+V b)  1 I 0 (5-8

or 2a°  J(Ob)

Vb= j l at ;Ob0 (5-9)
va 2% OJ'(b) (Ssg)LI ,[ J b ,0 c"+

!i The pattern in the horizontal plane is

](0)(Va+Vb)

=!-!ff/2,#) -Qwj* 0 cos#j (5-10)

I
An example of this pattern is shown in Figure 5-4.

II

I

I
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Ob 1.0

Abu 1.

.8 b a 2L

Figure 5-2. Vertical pattern at ..O.
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0
Figure 5-3. Vertical pattern at #-90
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dam -- 7
1* to

.ji

300

Figure 5-4. Horizontal pattern, null at t30. [
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u 5.2 Cardioid condition

The cardioid condition is calculated using Equation (5-5).

U It is shown in Figure 5-5. In this diagram, 0 = 2tn 2wb/a. As Bb

increases, locus of the cardioid condition changes considerably.

U This is another reason that a large loop is not favorable for this

antenna.

L5.3 Pattern change

The change in the horizontal pattern will now be observed as

the feeding condition is shifted from the cardiold condition. Assume

.1 that amplitude becomes A times as much as before, and the the phase

differs by 6 radian. That is, the feeding voltage ratio is

= V//Vj A eJ8 ; (5-11)

USubstituting Equation (5-11), Equation (5-7) yields;

2a Ji(Bb) lb- A e ja
SEO(w/2,0) I- I + J al OZ(-Y Vb cos .(5-12)

I +1-1 A e
a

Figure 5-6a to Figure 5-6c show the case where 6 is changed from

-20° to +200 by 100 intervals with an A of 1.122(1dB), 1.0(0dB) and

0.891(-dB).

FThus, we may conclude that this type of antenna is somewhat

frequency sensitive.

29...............................



100- 1250 MHz

44.

ap g-

4 1250 MHz

I

-10 -5 t o
RELATIVE AMPLITUDE V. I V A EdS]

1000

nag
8?7

1250 MHz
-90-

Obu 1.5

1 I25

1)1000

-150L

Figure 5-5. Cardiold condition.
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D80
H0

-1

-2

rFigure 5-6(a) Pattern change.
Amplitude change: +1 dB.
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U2700 900

I00
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6. TWO LOOPS FED AT TWO POINTS

6.1 Antenna pattern

This antenna consists of two concentric loops placed in the same

plane (see Figure 6-1). A large outer loop operates the n-i mode only,

while a small inner loop operates the n=O mode only. When the loop

is driven by two generators as shown in Figure 2-5, the electric field

in the horizontal plane is expressed by Equation (2-69) as 1

E (w/2, ) =Qb ; d(Ob)(V.+Vbl) .

10

+ j Zq.b_ Jj(Bb) (VaVb) Cos+ (6-1)

Vb
b

Vb

~Figure 6-1. Two-loop antenna for cardiold pattern.

If Va=-Vb, that is, equal in a 0plitude and 1800 out of phase, the

n'O mode is eliminated and only the n=l mode remains. If va~vb , that

is, equal in amplitude and phase, only the n=O mode remains. Thus, l
n=l in the outer loop and n=O in the Inner loop is possible. However,
if the diameter of the loop is small, the n=O mode is dominant. It _
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is not necessary for the inner loop to he driven by two in-pha-,e

U generators. Figure 6-1 shows a possible configuration of this type

of antenna. The electromagnetic field is the sum of the radiation

by the inner and outer loops. The electric field in the horizontal

plane is expressed as

Ee(1t/2, )0 (6-2)

Q) in a

E -w 12)= 7o-Tr) o bin)Va

4Qwbou

+ lOut Ji(obout) Vb cos. (6-3)

where bin = radius of inner loop

bout = radius of outer loop

S(in) = Oth order coefficient of inner loop
0
al(out) = 1st order coefficient of outer loop.

The cardioid condition with null at =1800 is

L

E*(r/21 r) Qti!.n J( V..in 4b out J(b )I=
(w2w =Q- a 0 (i)T - VK) Jiooutb]j

[1 (6-4)

After the dimensions of the loop were chosen, the feeding network

must satisfy the following relationship:

Vb J al(Out) bin Jo( in)
H-a o(tn) jT(1) (6-5)

Under this condition

.3.
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E0TP,#)) o(BbIn)Va[l + cos#] M -6)

The general expressions for E,, and E are obtained by suming the 0 mode

from the inner loop and the contribution from the 1st mode on the

outer loop and substituting (6-5) into these equations:

jWQVb 4JI(Oboutsine) cose sinf
E (e,*)

wQbinJo(8bin )VaJi (b outSinn)cosesin (
a (ijb- Jl(b-..sin (6-7)

- ao(in)boutJ1 (ebout) 6 sine

E (e) wQVabn(bnSne) + J4wVbbout J (8boutSn6)cos,
( - (in) al1(out)

0

wQb. J(Ob. sine) [ Jj(1' usine) J'(Bb.na inota in
in ~~~~~ in o

0 (in) Va  J(ibinS l O$out

(6-8)

In particular for the horizontal plane, we obtain

E (/2,*) 0 0 (6-9) Li

E(/2,) wQbinJ(bin)Va

l+cos~6-)0(iF
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[II
The shape of this pattern shown in Figure 3-1 is of course the cardiold

p and is unchanged if the dimension of the ioop is changed.

p! In the vertical plane -0, we obtain

E (0,O) 0 (6-11)

E E(e.0) w in Va %0(o bisine) + iootie o~binJ

(6-12)

This radiation pattern is shown in Figure 6-2 for various Bb. Note,

that null appears in the elevation direction when Wb=2.0. This shows

that a large diameter is not desirable for this antenna. In the plane

*=900 we obtain

WQbin j0o(obn) Vn (V souts'ne)cose
Ee (0,/2) = 0oi) Ji(3bout) alout (6-13)

Bboutsine

1.wQV ab in (ob isine)

This radiation pattern is shown in Figure 6-3 for various ob.

6.2 Change of The Cardioid Condition

The cardloid condition is given by Equation (6-4). This value

is a function of frequency and the size of the loop. How the cardloid

condition changes with frequency is now investigated. The results

are shown in Figure 6-4. The radius b of outer loop is selected to

be Ob-1.0, 1.5 and 2.0. The radius a of the wire is selected to be n

-7, 8 and 9.
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Figure 6-2. Vertical pattern at #=Vu.
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The horizontal axis is the voltage ratio IV b/V al.
The vertical axis is the phase difference LVb/Va.

For Ob-l.0, the voltage is a constant while the phase changes with fre-
L quency. Therefore it is desirable that the feeding network compensate

1; for the phase change, if the cardlold pattern is expected over the

Lentire frequency rapge. A possible feeding network Is realized by using
transmission lines. However, in the case of Ob-2.0 the cardtoid condition
moves along the constant phase line, and the phase suddenly gets 1800

out of phase. This is one reason that a large diameter loop cannot
be used as this type of antenna. The other reason is the null in the
elevation as stated earlier. In the Ob=1.5 case the situation is

for the middle of the two cases. Both voltage and phase change ac-

cording to frequency.

6.3 Change of Pattern

In this section we will consider the change in pattern for various
parameter changes. The electric field E#(1/2,4) in the horizontal
plane is given by Equation (6-3). It is rewritten as,

14w24 - 4 c(f) r Cos# 6-5
(a

where

0o00n) bou Jlibout )[ c(f)-4) bn 'a-u t (6-16)

The cardtoid condition is

IiVb Ia = " - 1 (6-17)

Va C
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The feeding network must be designed to satisfy Equation (6-17) at

the center frequency f0. However, at a frequency different from the L
center frequency, so$ a1, 0 and c(f) are different from those of the

center frequency. c(f) is assumed to be different from c(fO) by A

times in amplitude and 6 radians in phase, i.e.,

c(f) = c(fo) Ae 8  (6-e)J6

The feeding network also has frequency characteristics. But the feeding

network here is assumed to keep Vb Va constant. Under such circumstances

E#(w/2,#) 1 + c(f) Vb/Va Cos#

I + c(fo) A ej abVa cost
ja (6-19)

1 + A e3 cos#

where relationship (6-17) is used.

Equation (6-19) is also true in the following case. At the

center frequency f the feeding network has some error and

V /V = e6. The error is A times in amplitude and 6 radian
in phase. ThS result of this calculation is shown in Figure 6-5.

For example in the case f-1125 MHz, Sb=1.0 and 08, Vb/Va at cardioid
condition is -10.5 dB, 148 0from Figure 6-4. When frequency is shifted

to 1250 MHz, Vb/Va becomes -10.3 dB, 1730. The difference of Vb/Va

is 0.2 dB, 250. If the feeding network is frequency independent,

the anticipated pattern will be a curve between 6*200 and 8=3 0

in Figure 6-5(b).

If the feeding network is frequency dependent and the phase

is shifted by -150, the difference of Vb/Va is 0.2 dB, -10°. The

pattern in that case is a curve of -100 in Figure 6-5(b).
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6.4 Feedina Network ConsiderationL

We shall now determine how much deviation from the cardioid

condition is permissible if the front-to-back ratio (FUR) is given.

The electric field E #(w/2,#) in the qu,/2 plan is the sane as (65-l1)

Vb
E #(W/214) 1 + CMf V- Cos#(620

a

FBR is defined as

FBR =20 10910 E*i T2-, w)

x 20 lgova (6-21)

I - c(f) a

I +- c(f)b
a IOFBR/20 =K (6-22)

I1- c(f)b
a

Fromi the cardiold condition,L

I -c(f b =0 (6-23)

Ta fi

We now assume the feeding condition is changed to f
jII
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in the same manner as before. Thus Equation (6-22) is reduced to

1 + A e ja K. (-?4)

If the FBR is given, permissible range of A without phase shift is

1 + A>K

L 
that is

K + I > A > K -1 (6-25)K -I K+I1

Permissible range of 6 without amplitude change is

L1 K2  1 -1K 2  1

Cs>6 > - Cos. --- (6-26)

A]
When both A and 6 are changed, the permissible range is

I l+Af > K (6-27)

2 A K2 os6 (6-28)
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This curve is shown in Figure 6-6 where we note the permissible range
of amplitude and phase when the FBR is given. Combining Figure 6-4

and Figure 6-5, we obtain the range of Vb/V a. We now draw the FBR

circle for cardloid condition at each frequency as shown in Figure

F-7 for Bb=1.0, n=8. A frequency range from 1.0 GHz to 1.25 GHz is

assmedinFigure 6-7. If V b /Va is chosen in the shadow regions,
the requirement of 15 dR FBR at the frequency range between 1.0 to

1.25 GHz and between 1.125 and 1.25 GHz will be satisfied. However

both regions do not overlap so there is no way to change the ratio

Vb/V a such that it will satisfy the entire frequency range from 1.0

to 1.25 GHz. To do this, the feeding network should be designed to

compensate for cardioid condition changes.

7. TWO LOOPS FED AT FOUR POINTS

7.1 Antenna patterns

There is an alternate method to obtain the quasi-cardioid pattern

in a dual loop. The outer loop is fed at four points with progressive

phase as shown in Figure 7-1. The resultant electromagnetic field

is the sum of each contribution as derived in Section 2.3. E* is

obtained by use of Equation (2-56) as follows.

[J(B bsin) 2J1(Bbsi ) o

+ WQ(-JV°)b - oo + j 1 cos(I+W/2

+ UQ(V°)b [ ! + J 1 cos(*+J

0 a a
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Figure 7-1. Feeding condition ty obtain the elmentL! distribution e

+L Q(3V)bl -O - + J s cos(+3-/]

E# 4&QVo0j (obsine)

1 1 (cos#+Jsin#)

IJ[J 40voMa(Obsine)el
e J(7-1)

G1

If the small loop which radiates omtidirectionally is placed in the
large loop as shown in Figure 7-2, the total electric fleld is

E ) Vabin (binSine)

Ea 0i " " - Vin)

4wQVb bout Jl(oboutsine) eJ,
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_iV b jVb

Figure 7-2. Two-loop antenna fed at four points.

The condition for a null in the #fr direction in the horizontal

plane is

(iuI2w)= [Vabi n';(Oin) 4VbboutJi(Ob out) 1(3

ort

bv a(out) bin J;(8B1i)
V~ J 4 inT Bout JITBOYut) (7-4

Note that the cardioid condition (7-4) is exactly the same as that
of two-point-drive in dual loop (6-61. Under this condition the hori-
zontal pattern is
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I QVaJ3OSbn)r (75
E (/2,*) - E - + e .-

This pattern is shown in Figure 7-3. There are two curves in this
figure. An explanation is given in the next section. The same pro-
cedure leads to the following equation concerning E :

L# 4wQVbJl(1boutsine)coseE e,*) = ~ 1 otpsn0 eJ  (7-')

The general expressions for E., Et at cardioid condition areLJ
wQVabinn)=!F(e, - a-f ~-- [1

b a o o o(i )  (boutsin )  vb
ou J 4 ~ A 1 s sie (7-6)

bin 'ml (ou ) _I0o(BinsineT a e 7

or by use of Equation (7-4),

E# (0. QV abin Jo( Ib~ isine) h+ I ;Bbin) Ji(Ob0utsino) eJ]l
E (e.4a 0 o( i n )  | Ji(1Obout) J;(Ibins'n )

e

(7-7)

AQVahin0 (obinsine) %o0_n) ___Eete') =  or -) x coseE 0(0.4) fin) out binsine

x1 (oboutSine) Vb (ts .7-81

or hy Equation (7-4)
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E MVa b 1ndo,(0 bin s Ino)

osa n J(ObJ Ji(obutstne)

6utS j(hUt) n(Bbn sine) (7-91

The vertical patterns in the planes *=0 and #=,/2 are shown In Figures
7-4 and 7-5, respectively.

7.2 Change of pattern

Assume now that the feeding condition is changed from (7-4)
to

to b b IeVae

v a f

CL(out) b in o(ebin) J

The ln )  o (lbout ) Ae . (7-11)

The horizontal pattern then becomes

E /,#), AeJ6 e J4

If the amplitude ratio remains constant, that is Awl, then

E#(w/2.*) % I + ej (4+6  . (7-13) B
This is the same pattern as (7-5) except that a null occurs at 4-s-6.

Phase change affects only the position of null. In Figure 7-3, the
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Figure 7-4. Vertical pattern at #4.
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pattern with null in 300 is shown. If only the amplitude ratio A

is changed, the pattern is [9
E*(w/2,) % I e1 A (7-14)

This pattern is shown in Fiqure 7-6; A only affects the depth of null.

If both amlitude and phase is changed, the pattern is a combination

of Figure 7-3 and Figure 7-6. That is, the null position rotates

6 and the null depth gets worse.

7.3 CoMarison between the two-point-drive~and four-point-drtive L

In this section comparison is ad between the two-point-drive

and the four-point-drive (both in dual loop). First, compare the

horizontal pattern in Figure 3-1 (2-point-drive) with Figure 7-3 (four-

polntdrive). The null width of four-point-drive is narrower than

two-point-dirve. Compared with -20 dB level, two-point-drive has

null of more than 70 degrees while four-point-drive has only 25 degrees.

When the feeding condition is changed, each antenna behaves differently.

Four-point-drive antenna changes its null direction proportional to Li
phase difference and the null depth with the voltage ratio. However,

the two-point-drive antenna changes the pattern according to both U
phase and amplitude'ratio. The null direction remains the same.
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R. THREE POINT NULL IN SINGLE LOOP

If the n-2 mode is considered In addition to the n-O and n-l

mode, another type of pattern can be obtained. It is possible for

the pattern to have three nulls In arbitrary directions in the hori-

zontal plane. Such an antenna is shown in Figure 8-1. The electro-

magnetic field is obtained by extending the method given in Section

2.3. From (2-56), E0(w/2,) in the horizontal plane is

Ee(w/2,*) = 0 . (8-1)

-+

Figure 8-1. Loop antenna fed at four points.

From (2-53), we see that E (w/2,#) in the horizontal plane is the

stem of four voltage contributions:
FJo(0b) 2J'((b)cos# Ui lb)cos 2#)i  !

E_ _ _ _ _ _ ( w/ 
2 .0) 2 "Q a b+

I/ f= ab (b i( b)cos(#,/2) j(0b)cos2(#4W/P

oL Go-  Ol - 2

+6. Q~b[---- + Jj(bsos*i/)-J(b)o(4f2]
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+ uOV cb + j2Ji(Ob)cos(#+w) _-J~bcs? +w

Li + 4:(Vb 2Jj(P)cos(4.3v/2) - 2j(Pt)cos2(.+Ni/2)]

UwQbJ,( Bb) a+Vb+c+ d

+ j b J i( ob ) ( V c 4 . i # V c s + s n )

2wQbJ2'(ob)
-(Va-V b+V c-Vd)cos2# (8-2)

or

E + cos# V~sin#-V~cos.VDSIf
4 f 4) c0 [1 I+VB +V c+V D

c VB +VC D cos2* (8-3)

II where

wQbJa'(ob)(84

2Ji(ob) a~V CiQr T 2 0 (8-5)
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a J( 8 ) (8-6)L

V 8  V Vb/Va (8-7)

VC VCV (8-8)

VD V V/Va (8-9)

In order to produce a null in the directions #*w/2, i, 3w/2, we require

E#(w/2, ff12) a 0 (8-10)

E,(w/?, w) -0 (8-11)U

E (w/2, 3w/2) - 0 (8-12)

Solving these three equations yields:

CB~ 4C"+Cj (8-13)

-4aDOCt-C1CC2

V -4C-Cl + 1C2(8-14)

Substituting Equations (8-13)and (8-14) into (8-3) yields:

E,(w12, #) - COOl + 2 cos# + cos2#) .(-5

This pattern is shown in Figure 8-2.
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9. THREE POINT NULL IN DUAL LOOP

Another way to obtain the three-point-null is to use dual loops

as shown in Figure 9-1. The outer loop radiates only the n=2 mode.

The Inner loop radiates the n=O and n=l modes. Combination with

radiation from the outer and inner loops creates the same effect as

found in the previous section. Occasionally it is desirable to switch

the null direction. This antenna can switch the null direction by

chanqing only the inner loop voltage. This makes the design simpler

compared with that of previous sections.

Firstly the way to obtain only the n=2 mode in the outer loop

is described. General expression for E.(w/?,*) in four-point-drive

is given by Equation (8-2). If

Vba , Vc=Va and Vd=-Va , then (9-1)

8wQbJj(Bb)

Ef((/2,b) Va cos2f. (9-2)

Therefore (9-1) is the condition for eliminating the n=O and n=l modes.

The E-field Ef(N/2,f) from the antenna shown in Figure 9-1 is obtained

by adding (9-2) and (2-69). That is

Qwl Jin;(obin)(Va+Vb)

E,('/2,*) i mo n) b)

+ j 2abbinji ( gbj nl l Va ' Vb)co S f

1 (
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ii +8uwQb ~Jk(Pb0~t)vccos2*

c2 (Out-)

or

0 2 V +vV

ra+VVa*Vb

where

c Qwb in %(:b, i)(Va-Vb) (9-5)

UP") J(in)

c '9-6)

=8b0ut c%(lnl Jj(sb0 ut) '9-7)
C2 n~ 2(out) J;(b~

41 vc

-+

+ . vc

F~gur 9-.Tolo nenafda orpit t e -on ulLi+
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To obtain null at* /2 W, 3w/2 we require

E#IW/2,ir/2) C ~o[l - vc C2 =0 9

Ca ci+ (.Q

E#(7w/2,3w/) C = -- C ] 0(-0

If Va+Vb~2

That is

vb/Va = 

(1-12

2C1 (1)
vc /Va C2 C4)

Equation (9-11) and Equation (9-12) are substituted into (9-4):

Et=/, C0(l.2coso+cos?*) (0-13)

This is the sane expression as Equation (8-15).

In an arbitrary direction we thus obtain L

I+ J 2 * in(o) lbnie .1-ves

TIY 8C05bot2] (9-14) I
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UJ Gb l:bnstn0)

Ee(e,*) - J2 Q  (VaVb)

Qbo V2eboutStne)

J16 out  -outSln cose sln2# Vc  (9-15)

IThe vertical patterns at #wO and 9900 are shown in Figure 9-2 and
9-3, respectively. Figures 9-4 and 9-5 show the change of the pattern

when the feeding condition is changed. Figure 9-4 shows the change

as a function of V8 = Vb/Va (that is voltage and phase of the small inner
loop) while Figure 9-5 shows the change as a function of VC = Vc/Va

-L (that is those of the outer loop are changed).

10. CONCLUSION

The radiation pattern of a single loop and two concentric loops
Ufed at one, two or four points were investigated. It was found that

a single loop is capable of producing two nulls which can be made
to coincide and produce a true cardoid pattern. Three nulls could
also he produced by feeding a single loop at four points or by one
of two concentric loops. Particular attention was given to the tol-
erances to be imposed on the feeding voltages to maintain a reasonable

null level. It is concluded that to obtain a large bandwidth (>10%),

some compensation should take place in the feeding network. This
is illustrated in another report [2] when an annular slot antenna

ffed at four points and with a flush mounted monopole in the middle
has been developed and yields a bandwidth of 25% with an FB-ratio
of more than 15 dB.
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